Bacterial pathogens employ a wide variety of devices to achieve entry into host cells. Recent developments in the identification of both bacterial ligands and host cell-surface receptors have suggested that the varied mechanisms share some common elements with regard to both bacterial and host-cell molecules. One theme emerging over the past ten years is that a broad range of bacterial pathogens, both Gram-negative and Gram-positive, may have adapted similar strategies for entering mammalian cells, using diverse host receptors with similar characteristics in the process.
Until the recent determination that the epithelial celladhesion molecule E-cadherin is the receptor for the Listeria monocytogenes protein internalin [1, 2] , the only bacterial ligand-host receptor pair involved in bacterial uptake that had been characterized in mechanistic detail comprised the invasin protein of Yersinia species and ␤ 1 integrins [3] . L. monocytogenes and Y. pseudotuberculosis, despite their differences, both cause food poisoning and, at least in the early stages of infection, may follow similar pathways through the host. Upon ingestion of contaminated food, both organisms translocate across the intestinal epithelial barrier, primarily at Peyers' patches, the sites of lymphoid tissue in the gut responsible for sampling intestinal contents. Translocation of Y. pseudotuberculosis and presumably of L. monocytogenes occurs via the so-called M cells of the epithelium at the Peyers' patch surface.
Once colonization of Peyers' patch occurs, the bacteria migrate to the mesenteric lymph nodes and spread through the lymph to the liver and spleen [1, 4] . It is possible that, in addition to translocation by M cells, the bacteria are able to infect enterocytes and then disseminate. Interestingly, both ␤ 1 integrins and E-cadherin have been shown to be expressed basolaterally on enterocytes in the intestine, so they are presumably not readily accessible to bacteria invading from the intestinal lumen [5, 6] . Thus, the bacteria have presumably had to evolve mechanisms for gaining access to the basolateral surfaces of enterocytes, although there is no evidence in either system that this route of infection occurs in vivo.
In the case of L. monocytogenes, the majority of organisms reaching the liver are killed by macrophages. In the immunocompromised host, however, L. monocytogenes is able to replicate within hepatocytes, with eventual spread of the bacteria through the bloodstream to the brain and placenta, where they result in meningitis and abortion, respectively [1] . Y. pseudotuberculosis, on the other hand, replicates extracellularly in the liver and spleen during infection of a mouse, yet it rarely reaches these organs during a human infection. In humans, enteropathogenic Yersinia colonize the Peyers' patches and disseminate to cause gastroenteritis and mesenteric lymphadenitis [4] .
Among Gram-positive bacteria, only the internalin protein of L. monocytogenes has been identified as being necessary and sufficient for bacterial entry into epithelial cells [2] . Internalin, the product of the inlA gene, may be just one member of a family, as demonstrated by the presence of other DNA sequences homologous to inlA in the L. monocytogenes genome [2] . One homologous gene is inlB, located just downstream of inlA. The product of the inlB gene Similarities between the internalin-E-cadherin and invasin-␤ 1 -integrin systems.
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shows no ability to mediate entry into epithelial cells, although it has been shown to mediate bacterial uptake into hepatocytes [7] . Entry into different cell types is probably important for the pathogenesis of this organism, and it is possible that the other inlA homologs in L. monocytogenes also affect host range at different stages during infection. At the amino-acid level, internalin has little similarity to any proteins in sequence databases, but the structure of internalin is reminiscent of surface proteins of other Gram-positive bacterial pathogens [8] . This family of proteins includes protein F and protein M from Streptococcus pyogenes, which have been shown to bind fibronectin and epithelial cells, respectively; an agglutinin of S. mutans known as P1 antigen; and two fibronectin-binding proteins of Staphylococcus aureus, FnBPA and FnBPB [2, 8] . Common features of these proteins are a signal sequence, at least one set of tandem repeats, a proline/glycine-rich carboxy-terminal region followed by a region of 20 hydrophobic amino acids and a short charged tail. In addition, just upstream of the hydrophobic region is a conserved LPXTG sequence (single-letter amino-acid code, where X is any amino acid) which is presumed to anchor the proteins in the bacterial cell wall. As is the case for the Gram-negative proteins discussed above, proteins in this family have been shown to be involved in either cell contact or cell recognition, with the exception of internalin and InlB which mediate both adhesion and entry.
Recent work by Mengaud et al. [1] , has identified the receptor for internalin on mammalian cells as E-cadherin. The cadherin family of surface molecules are transmembrane glycoproteins involved in cell polarization and the formation of intercellular junctions via homophilic, Ca 2+ -dependent interactions [6] . Cadherins generally contain a conserved cytoplasmic domain which interacts with cytoskeletal components, a transmembrane region and a large extracellular domain responsible for adhesion (Fig.  1) [1] ; they usually interact primarily with each other. Ecadherin is expressed mainly in epithelial cells in the skin, liver, and digestive tract [1, 6] . As is the case with integrins, the binding of natural ligands to cadherins does not appear to mediate their uptake into the cell.
The other bacterial ligand for which there is a well-characterized host-cell receptor is the invasin protein of Y. pseudotuberculosis. Invasin is a 986 amino-acid outer-membrane protein which has been shown to be sufficient for both bacterial binding to, and uptake by, mammalian cells in tissue culture [9] . Both functions of invasin reside in its carboxy-terminal 192 amino acids; the amino-terminal region has determinants required for proper localization of the protein to the outer membrane [10] . Invasin is related to surface proteins from other Gram-negative bacterial pathogens that are also involved in interacting with host cells, namely the intimin proteins of enteropathogenic Escherichia coli, enterohemorrhagic E. coli and Citrobacter freundii [4] . These proteins share homologous amino-terminal regions, as well as two conserved cysteine residues very near the carboxyl terminus that are separated by 74-77 amino acids. In invasin, these cysteines form a disulfide bond that is essential for function [11] ; it is not known whether the cysteine residues in intimin are required for its activity.
The receptors for invasin on host cells are a subset of ␤ 1 integrins [3] . Members of the integrin family of surface molecules are expressed on the surface of most mammalian cells and are involved in a variety of cellular activities, including cell-cell adhesion, cell-matrix adhesion, Dispatch 1085
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Gram-negative cell signalling and inflammation [12] . Each integrin molecule is a heterodimer of ␣ and ␤ chains, and several different ␣ chains can associate with the ␤ 1 chain to form invasin receptors (Fig. 1) [3] . The natural ligands for these receptors -extracellular matrix proteins such as fibronectin, collagen, and laminin -bind integrins without mediating subsequent uptake. In contrast, invasin binds its integrin receptor with an approximately 100-fold higher affinity than do the natural ligands; this high affinity presumably accounts for the ability of invasin to mediate uptake via interactions between the integrin's cytoplasmic tail and cytoskeletal components of the host cell [13] . It is interesting to speculate whether, like invasin, internalin-mediated entry occurs as a result of high-affinity binding to its receptor. [2, 4] . This membrane ruffling occurs over a large but localized region of the mammalian cell surface, potentially allowing engulfment of nearby bacteria [4] . Uptake of L. monocytogenes or Y. pseudotuberculosis is apparently not cooperative, and there is no evidence that the internalization of an individual organism can induce the entry of other bacteria.
With these apparent similarities between the invasin-␤ 1 integrin and internalin-E-cadherin systems, are there any homologies between the proteins involved? Sequence comparisons between the two bacterial proteins reveals a common FATDK motif in each. This sequence starts at position 808 of invasin, and both the phenylalanine and aspartic acid residues, at positions 808 and 811, respectively, have been shown to be critical for invasin function [14] . Three copies of this motif are present in internalin (FSTDK at position 491, FATSK at position 561, and FATDK at position 631) [2] . It is not yet clear what role, if any, the motif plays in internalin's binding to E-cadherin, but it may prove to be a consensus sequence in bacterialhost-cell interactions that involve recognition of receptors containing divalent cations.
The first two bacterial adhesin-host receptor pairs that have been identified as being involved in uptake into normally non-phagocytic cells share some common features even though the organisms that encode them are unrelated (Fig. 2) . Both bacterial factors have homologs in other bacteria in their respective Gram-positive or Gramnegative groups. Additionally, both share an FATDK peptide motif, which in one case has been implicated in protein activity. Their respective receptors also have some features in common ( Fig. 1) : both are members of large families; both require divalent cations for activity; both are found on a variety of cell types and are localized to the basolateral surfaces of enterocytes (presumably the first cell type directly encountered by each organism); and in neither case does the natural ligand function to mediate uptake. Thus, Y. pseudotuberculosis and L. monocytogenes have evolved similar strategies for entering host cells through exploitation of receptors which usually do not perform that function. As more bacterial ligands and host cell receptors are identified, it will be interesting to see whether these common features are preserved, and whether any others emerge.
